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1. Introduction

Significant progress has been made in understanding
the molecular basis of bacterial extracellular protein
secretion [1,2]. Several pathways for protein translo-
cation have been proposed [1,3—7]. The ‘signal’
hypothesis emphasizes translocation through a passive
protein channel, formed by the specific receptor pro-
teins of membranes, which interact with the signal
peptides of the newly synthesized protein [3].

Other models [4—7] assume protein translocation
to be a spontaneous process that does not require
specific membrane receptars or transport proteins.

The *membrane-triggered folding” hypothesis
emphasizes self-assembly and the role of protein con-
formational changes during transfer from an aqueous
compartment into a membrane [4]. The helical hairpin
hypothesis proposes that the secretion of a protein
through a membrane is initiated by formation of a
helical hairpin structure [7]. This model, in its theo-
retical treatment of secretion and topological aspects,
overlaps with the “direct transport’ model [5] and the
“loop” model [6]. The idea that a crucial role is played
by the structure of the secreted protein is central to
all these models {1,3—7].

Unfortunately, these models do not take into
account the dynamic feature of membrane structure
and a pessible active role of the membranes in protein
translocation. Most recent observations in bacteria,
however, point to a link between formation and secre-
tion of proteins and lipid exchange and the lipid
structure of the membranes [8—19]. This allows us to
suggest that the lipid component of the membrane
plays an active role in protein translocation. We pro-
pose a new model of protein secretion, which takes
into account both the role of protein structure and an
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active role for membrane in protein translocation. The
model proposed suggests the interaction of the signal
peptide of the newly synthesized protein with acid
phospholipids of the membranes. This results in the
initiation of the transmembrane movement of phos-
pholipids and the coupled translocation of secretory
proteins and phospholipids across the membrane.
Thus phospholipids and the secreted protein promote
the movement of each other (fig.1).

2. Coupled translocation of secretory proteins and
acid phospholipids through the cytoplasmic
membrane of bacteria

2.1. The interaction of the signal peptide of the
nascent protein with acid phospholipids of the
membranes

Most exported proteins in procaryotes are synthe-
sized as larger precursors with an additional peptide
extension (signal peptide) near the N-terminal end.
This amino-terminal peptide contains two different
sites; the N-distal section of the extension is basic and
positively charged at neutral pH, because it contains
lysine but no acidic amino acid residues; the next
region is hydrophobic [1]. However, the bacterial
membrane surface is negatively charged at neutral pH
hecause of acid phospholipids (phosphatidylglycerol
and cardiolipin in Escherichia colf). The structure of
both the signal peptide and the membrane provides
for the possibility of both ionic and hydrophobic
interaction between them.

According to the model proposed, the basic, posi-
tively charged site of the N-terminal extension of the
nascent peptide is involved in the initial attachment
of the protein, and consequently the polysomes, to

00145793/82/0000—-0000/$02.75 © 1982 Federation of European Biochemical Societies 189



Volume 142, number 2

: TIERETY
JEBIIEAEE M&!ﬁg%mw
sinal peptidase (G

Fig.1, Schematic illustration of the secretion of protein across
the cytoplasmic membrane coupled with phospholipid trans-
location: (1) nascent peptide, containing N-distal charged site
of the signal sequence, begins to emerge from a ribosome;

(2) nascent peptide binds to negatively-charged phospholipids;
(3) hydrophobic site of signal peptide is produced and inserts
into the membrane intetior; (4,5) acid phospholipid losing its
charge starts transbilayer movement, inducing the formation
of a hydrophilic channel (hexogonal configuration), and also
pulls the hydrophilic part of the secreted protein across the
channel; (6) polypeptide elongation completed, the signal
sequence is removed by peptidase and protein released from
the membrane.

the negatively charged acid phospholipids (probably
to cardiolipin) of the inner surface of the cytoplasmic
membrane through ionic interaction, The next, hydro-
phobic region of the nascent peptide is then synthe-
sized and progressively inserted into the membrane
interior in U-shaped fashion by hydrophobic inter-
action with the fatty acid site of phospholipids. This
step of our scheme overlaps with the ‘loop’ model of
lipoprotein translocation in [1,6]. This final step
results in the anchoring of the newly synthesized pep-
tide in the membrane. The screening of the charged
part of the phospholipids and the high mobility of
the fatty acid tails are necessary for this insertion.
Some recent observations strongly supgest that the
interaction of proteins with acid phospholipids is a
widespread phenomenon and plays a definite role in
the biogenesis of membranes and secreted proteins.
The interaction of integral membrane proteins pri-
marily with acid phospholipids in both native [20,21]
and artificial membranes [22] has been demonstrated.
In addition, the biosynthesis and assembly of a num-
ber of secretory proteins: procoat protein of f, phage
[9] and alkaline phosphatase in E. coli [8), and the
electron transport system in S. aureus [10] was corre-
lated with the increase in the content and the metab-
olism of acid phospholipids. The biosynthesis of
alkaline phosphatase in £. coli correlates, in particular,
with the increase in the relative content and metabo-
lism of phosphatidylglycerol (PG) in these cells [8].
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The treatment of membranes by phospholipases A,
and C also revealed a correlation between the exient
of PG hydrolysis and the level of biosynthesis of alka-
line phosphatase in £. coli cells as well as enzymatic
activity of membrane-bound form of the enzyme, It
was shown that this phospholipid was less available to
the action of phospholipases in cells synthesizing the
enzyme intensively (6% of PG were hydrolyzed) as
compared to cells in which the synthesis and secretion
of the enzyme are absent (45% PG were hydrolyzed
in these cells) [11]. The results obtained allow us to
suggest an interaction between PG and the enzyme
during the biogenesis of the latter. This was confirmed
by experiments with cells treated before the de-repres-
sion of alkaline phosphatase, with the lipotrophic
antibiotic polymixine B which interacts with acid
phospholipids cardiolipine (CL) and PG [23]. The
level of the enzyme in such cells is reduced by half.

This change in the level of enzyme synthesis corre-
lates with a change in the ratio between acid phos-
pholipids, which is probably due to a disturbance in
their interconversion, or/and translocation in these
cells.

We have also observed a dependence of the biosyn-
thesis of secreted proteins on the fluidity of mem-
branes [12] and the content of unsaturated fatty acids
[13,14]. In particular, a correlation was detected
between the biosynthesis and secretion of alkaline
phosphatase and the content of cis-vaccenic acid,
which was changed by a temperature shift-down or
shift-up [13], as well as by lipotrophic agents (alco-
hols) [14]. The biosynthesis of the enzyme did not
correlate with the degree of unsaturation of total
lipids and the level of unsaturation of phospholipids
isimportant probably only in the specific part of the
membrane participating directly in the biosynthesis
and translocation of the enzyme. cis-Vaccenic acid is
peculiar to acid phospholipids and the content of this
acid increases during temperature shift-down [24].

Prabably, increased unsaturation of fatty acids
appearing in phospholipids in a translocation site of a
membrane increases their mobility and promaotes the
insertion of hydrophobic sequences into membrane.

2.2. The initiation of the transmembrane transiocation
of phospholipids and coupled translocation of
secretory proteins and phospholipids

The mostimportant consequence of the interaction
of a signal peptide with acid phospholipids might be
the initiation of trans-membrane movements of these
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phospholipids. Due to this interaction the latter, losing
their charge and, consequently, their hydrophilic
properties, would begin to move to the hydrophobic
region of the membrane, carrying the bound peptide
with them.

In addition, both peptide and phospholipid would
promote the movement of each other: the signal pep-
tide during its elongation on the ribosomes is envisaged
to push the phospholipid, which in its turn, pulls the
signal peptide.

Transbilayer movement of phospholipids is known
to be a dynamic feature of a membrane structure
[25,26] and has been revealed both in Gram-positive
[27,28] and Gram-negative bacteria [29,30]. Molecu-
lar mechanisms determining the rate of the transbilayer
movement of phospholipids are not completely under-
stood. However, the interaction of proteins with lipids
is an important factor. Thus the intreduction of pep-
tides [32] or membrane proteins [22,31] into the
lipid bilayer causes a change in the surface pressure
between the two monolayers. The alteration of a
phospholipid charge can also modulate and facilitate
transmembrane movement of phospholipids. The
introduction of a deuble bond into phospholipids can
also increase the flip—flop of phospholipids {33]. In
summary, comparison of conditions necessary for the
biosynthesis and translocation of secreted proteins
and those inducing transbilayer movements of phos-
pholipids shows many similarities (table 1).

All of the above supports the possibility of a
coupling of two important membrane processes:
translocation of proteins and phospholipids through
membranes, Of particular importance for the compre-
hension of the dynamic role of membranes and trans-
bilayer movements of phospholipids of membranes
are recent ideas of the metamorphic, mosaic structure
of biological membranes and the demonstration of
the capability of lipids to adopt a non-bilayer config-
uration under certain conditions [39,40j. It was sug-
gested that such a non-bilayer configuration may be
involved in multifunctional abilities of biological
membranes, including different membrane transport
processes [40], and transbilayer movements of phos-
pholipids. Structures, such as intrabilayer ‘inverted
micelles’ or ‘inverted cylinders’ (H;; phase), could
serve as intermediaries in flip—flop processes.

One may suggest that the interaction of the signal
peptide with acid phospholipids modulates the adop-
tion of a non-hilayer configuration of phospholipids.
Thus hydrophilic lipid channels (inverted short cylin-
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Table 1
Similarity of conditions affecting the synthesis and secretion
of secretory proteins and the transbilayer movement of
phospholipids

Biosynthesis and transloca- Phospholipid transiocation
tion of secreted proteins

Is promoted by interaction
with polypeptides and pro-
teins [22,31-32]

1. Are accompanzed by the
interaction with acid phos-
pholipids [8-11]

2. Are promoted by increases  Is promoted by the introduc-
in unsaturation cof phospho- tion of doubie bonds into
lipids [12-14} phospholipids [33]

3. Correlate with the net syn-  Can be promoted by synthe-
thesis of phospholipids sis and exchange of phaspho-
[15-19,49]2 lipids [37}

4. Depend on the membrane
potential [34-36]

Depends on the membrane
potential [30]

2 This correlation relates on the whole to soluble, secreted
proteins [15,16,18,19] and some specific membrane pro-
teins, e.g., OmpF and OmpC [19]. The bulk synthesis of
membrane proteins was shown, however, to be unaffected
by the cessation of the phospholipid synthesis [18,38]; syn-
thesis of lipids was shown ta be coordinated with protein
synthesis [38]

ders) may form as an intermediary in flip—flop of
phospholipids, through which the major hydrophilic
part of a secreted protein is linearly translocated
during its syathesis, pulled by moving phospholipids
with the signal peptide anchored to them, The coupled
translocation of proteins and phospholipids is com-
pleted with the processing and maturation of the
secreted protein, releasing it from the membrane.
This hypothesis is further supported by the obser-
vation that acid phospholipids of bacteria have a very
high rate of exchange [41] and transbilayer movement
[30]. Moreover, cardiolipine plays an important réle
in the adoption of the non-bilayer configuration and
formation of the hexogonal structure [40]. It was also
observed that there is a slight preference for PG local-
ization in the outer layer of Gram-negative envelopes
[42,44] while CL was found to be localized preferen-
tially in the inner layer of membranes [43] and as
suggested, the latter transforms to PG during the
transbilayer movement [45]. There may be a relation-
ship between this transformation and energy metabo-
lism, because changes in proportions of PG and CL
correlate with the cellular phosphorylating ability
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[46]. During the transformation of CL to PG, energy
could be liberated [47].

If CL transforms to PG during its translocation
with the liberation of energy, this energy may be used
for translocation of the protein in addition to the
energy of polypeptide clongation on ribosome.

3. Conclusion

The model proposed fully agrees with data on the
secretion of protein in bacteria and, unlike the previ-
ous models, it takes into account both the role of the
structure of secreted proteins, and the active role of
the membranes in this process. The model is also in
agreement with recent data on the interrelation
between the formation of secreted proteins and phos-
pholipid exchange, and the dynamic feature of lipid
structure of membranes. The signal peptide is pre-
sumed to be responsible for the interaction with mem-
brane phospholipids and for the initiation of trans-
membrane movement of phospholipids. The peptide
therefore retains a certain signal function, but does
not participate itself in the translocation of the protein.
This conclusion for the passive role of the signal pep-
tide, is based on the analysis of the role of hydro-
phaobicity of peptides in protein translocation [48].
Unlike the earlier models, the model proposed suggests
a leading role for phospholipids in protein transloca-
tion,
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